Influence of the sunrise, sunset and daylight on the human sleep wake cycle has been primarily studied using questionnaires from limited size cohorts. The studies indicate that it varies along the year while the sunrise and sunset could be related with the onset and conclusion of sleep. Here, we take an empirical data-driven approach by utilizing anonymized mobile phone data or "digital footprints" of very large size cohort during a year. Using aggregated calling patterns we construct the distributions for the daily first and last calls in different cities along the year. We also characterize a daily period of low calling activity that allows to infer the dependence of the sleep-wake cycle on geographical location and the seasonal changes. We find rather surprisingly that the mobile phone users synchronize their last and first calls with the local sun transit time along the longitude they are located. Further analysis reveals that the difference between the durations of the low activity period in the summer and the winter is governed by the latitude of the users' domiciles, such that people in the southern cities experience a time difference almost twice as large as the people in cities located 8 degrees to the north. Finally, we argue that the synchronization of the onset and the middle of the period of low calling activity in cities is entrained by sun-based clocks with the solar noon (or solar midnight) being the most plausible candidate for this pacemaking.
Influence of the sunrise, sunset and daylight on the human sleep wake cycle has been primarily studied using questionnaires from limited size cohorts. The studies indicate that it varies along the year while the sunrise and sunset could be related with the onset and conclusion of sleep. Here, we take an empirical data-driven approach by utilizing anonymized mobile phone data or "digital footprints" of very large size cohort during a year. Using aggregated calling patterns we construct the distributions for the daily first and last calls in different cities along the year. We also characterize a daily period of low calling activity that allows to infer the dependence of the sleep-wake cycle on geographical location and the seasonal changes. We find rather surprisingly that the mobile phone users synchronize their last and first calls with the local sun transit time along the longitude they are located. Further analysis reveals that the difference between the durations of the low activity period in the summer and the winter is governed by the latitude of the users' domiciles, such that people in the southern cities experience a time difference almost twice as large as the people in cities located 8 degrees to the north. Finally, we argue that the synchronization of the onset and the middle of the period of low calling activity in cities is entrained by sun-based clocks with the solar noon (or solar midnight) being the most plausible candidate for this pacemaking.
In modern societies, daily activities are entrained by at least two different diurnal rhythms, each one following a 24-hour clock with a different offset. The first one is marked by sun-based events that are subject to seasonal variations due to the yearly movement of earth around the sun. The second one follows a local civil time, where social and economical factors impose restrictions on the timing and routine of activities [1] . Regardless of the nature of the diurnal rhythm, modifications in it have direct influence on different aspects of human life [2, 3] .
For human circadian rhythms, particularly for the sleep wake cycle (SWC), there are various biological [4] , sociological [5] and environmental [6] factors that influence the entrainment with the exogenous clocks, sometimes with undesirable effects on the mental and physical health of individuals [2, [7] [8] [9] . Due to its importance, the SWC has been studied in recent years from different perspectives, trying to understand and identify what are the processes and pacemakers governing its dynamics [10] . For example, the scientific community is of different minds to what degree the one-hour change introduced as a result of daylight saving influences the SWC [11, 12] .
In general, the current research on the human SWC has focused on experiments on small groups under controlled situations [7, 9] , and studies based on questionnaires [6, 13] . The subjectivity introduced by these approaches makes it difficult to draw general conclusions about the dynamics of the SWC especially when determining which of the possible exogenous clocks it follows. However, in the recent past the presence of new communication technologies as well as the accessibility to large-scale techno-social datasets ('Big data') have allowed the study of human behaviour from diverse perspectives applying reality mining techniques. In particular, mobile phone call detail records (CDRs) have been analyzed to study intrinsic mental health [14] , social networks [15] [16] [17] , sociobiology [18, 19] , as well as, behaviour of cities [20, 21] . We use the CDRs from a mobile phone network, to study the dynamics of a daily period of low activity when calls were almost absent. Users of the mobile phone network have specific time intervals when their calling activity ceases and it is expected that the SWC would be bounded inside a period of low calling activity (PLCA). The daily calling activity displays a complex dynamics along the year and along different geographical zones, therefore, studying these different patterns is expected to provide insight into the dynamics of the SWC, as well. In this study, we address the questions of how the PLCA is influenced by the geographical location of the users and the seasonal variations, and to what extent sun based clocks are entraining this dynamics.
RESULTS
We analyze a dataset containing anonymised CDRs corresponding to a 12 month period (2007) from a mobile phone service provider having subscribers in different European cities. The dataset contains more than 3 billion calls between 50 million unique identifiers, from which 10 million were associated with individuals having a contract with the company in question. The remaining identifiers belong to subscribers of other companies or landlines. Each call in the dataset involves at least one subscriber. For majority of the subscribers, the age, gender, postal zone, and location of the most accessed cell tower (MACT) are available, and we include into the analysis only those subscribers (termed as 'users' from here on) whose demographic information is complete. A user is considered to "live in a city" if the following three geographical locations -the associated city centre, the location of the MACT and the centre of the postal zone, are sufficiently close (details in SI). We choose only those cities that had more than hundred thousand inhabitants in the year 2007, such that our final analysis takes into account a set of 36 cities with around 1 million users in total.
The calling activity of an entire city depends on a number of factors, but it can be described in terms of two parameters: the time of the day, and the date of the year. From the dataset, we calculate the probability distribution function P all (t, d) of finding an outgoing call at time t, during the day d ∈ (1, 365) inside a particular city. We define a 'day' from 4:00 am to 3:59 am on the next calendar day. In Fig. 1 we show P all (t, d) (green curve) during the days d = 46, 214, for a city with 1.5 million inhabitants, in 2007. The distribution P all (t, d) is bimodal with the first mode corresponding to the calls made during the morning, peaking around noon, and the second mode being related with the calls during the evening, reaching its maximum around 8:00 pm. Such bimodal patterns are found for all the days around the year and for all cities included in this study. These two peaks are naturally delimited by two regions when the activity falls to a minimum, described as follows: the first one between 3:00 pm and 4:00 pm, associated mainly with the time after lunch, and the second one at the end/beginning of the day, between 3:00 am and 4:00 am, expected to lie inside the sleeping period. We will refer to the former as the diurnal calling gap g d and to the latter as the nocturnal calling gap g n .
In order to study the dynamics of the PLCA, we split the day into two non-overlapping periods -'morning' and 'night', each 11 hours long, delimited by g n and g d . Here we define the 'morning' as the time period between 5:00 am and 3:59 pm, and 'night' the time period between 5:00 pm and 3:59 am on the following calendar day. Each morning, a user can make a number of calls but to focus on the time when the calling activity starts we consider only the first call made during the morning for each user and construct the associated probability distribution of the time of the first call P F (t, d). Similarly, we find the last call made by every user during the night and construct the corresponding probability distribution for the time of the last call P L (t, d). It should be emphasized that in this study we include only the calls made by the users (outgoing calls), excluding all the received calls, because these may not depend on the activity pattern of the users. In Fig. 1 we compare the probability distribution for all the calls P all (t, d) with the corresponding distributions P L (t, d) and P F (t, d) for the times of the last call and first call, respectively, for two different pairs of consecutive days (during winter and summer) for a particular city with a population over six hundred thousand. The shapes of the distributions P L (t, d) and P F (t, d) that can be seen in Fig. 1 Night, day 215 • , and 3
• from the reference city, respectively). The collapse of the distributions onto the reference city's distribution is evident when the longitudinal time shift is added. This collapse implies that these 5 cities cease (and begin) their calling activity in a synchronized way, with a temporal phase corresponding with the difference between their sun transit times.
Temporal shift of the calling activity depending on longitude
Although the bimodal nature of P all (t, d) remains unchanged, every city appears to have its own characteristics and the yearly variation of this distribution from city to city is far from uniform. However, the shapes of P L (t, d) and P F (t, d) appear to retain the same functional form along the year regardless the city. We utilize this property of P L and P F by exploring the relation between the onset and termination of the PLCA and the longitudinal location of the cities. We begin with an initial investigation with 5 different cities lying inside the latitudinal band 42
• N ±40 ′ , spanning a longitudinal angle of 10.7
• . For simplicity, we label the cities using their relative longitude difference. Taking one of the cities located near the middle of the region as a reference, the other (Top row) Time shift n * ∆ that minimizes the divergence between the probability distribution of the first call PF in the reference city and the corresponding distributions of the other 9 cities lying at the same latitude. From the reference city, other cities are located at −7.7
• (blue), −6.8
• (cyan), and −3.5 • (indigo). For each city, and for three selected days of the week (Tuesday, Friday and Sunday), a cross represents the time shift that minimizes the divergence during one of the 52 weeks in 2007. The filled circle represents the average of the 52 points. The dashed line represents the time shift between the sun transit time at the reference city and a hypothetical point located at each corresponding longitude. (Bottom row) Quantities analogous to the top row corresponding to the distribution PL. The plot reveals that, for cities lying further away from the reference city, a bigger time shift is required to collapse the distributions.
cities are located at −7.7
• , −3.9
• , −2.8 • , and 3.0
• from the reference city. The 5 cities are, in general, different with respect to their main activities, population size, topographic features (coastal or landlocked location). However, the first and last calls distributions P L (t, d) and P F (t, d) have similar shapes. The Fig. 2 illustrates the case for two consecutive days (d = 185, 186, near the summer solstice). Comparing between cities, one finds that for cities located to the west of the reference city, the decrease in the calling activity occurs at later times. It seems that the more western the city is, the later the calling activity ceases, and surprisingly, the distributions are shifted by an amount that grossly coincides with the difference between their local sun transit times (a city located at an angle θ from the reference city has a probability distribution shifted θ/15
• × 60 minutes). In this case, the time shifts are 30.8, 15.6, 11.2, and -12 minutes for the cities located at -7.7
• , -3.9
• , -2.8
• , and 3
• from the reference city, respectively. This can be seen in Fig. 2 comparing the actual distributions (top) P L (t) and P F (t) for these 5 cities, with the corresponding distributions when the longitudinal time shift is introduced (bottom).
To formally quantify the fact that the distributions are shifted according to their geographical separation along their longitude, we proceed as follows. We select 10 cities each of them having more than hundred thousand inhabitants located around the latitude 42
• N ±40 ′ and spanning a longitudinal region of width 11.3
• . Locations of 9 of the cities relative to the reference city being −7.7
• , −6.8
• , and −3.5
• , having corresponding differences in the sun transit times of 30.8, 27.2, 18.8, 15.6, 11.2, 6.4, -5.6, -12 and -14.4 minutes, respectively. First, for all the cities in the band, we calculate all the distributions P L (t, d) between January, 2nd and December, 31st. For each day d, we fix P L (t, d) 0 • of the city labelled '0
• ' as the reference distribution, and for every other city c in the band, we compared the reference P L (t, d) 0 • with a shifted versions of its distribution P L (t + n∆, d) c , with −5 ≤ n ≤ 8 and ∆ = 5 min, to find the time shift n * ∆ that minimizes the Kullback-Leibler divergence D KL between them. Once we find the set of n * for each city along the year, we calculate their average n * ∆ , and plot them in the right column of Fig. 3 . We applied the same procedure to the first call distributions P F , and the results are shown in the left column of Fig. 3 .
This measure helps us to compare the distributions and determine how much time the distributions of each city are advanced or delayed with respect to the one corresponding to the reference city. In Fig. 3 it can be seen that the average time shift n * ∆ required to minimize the divergence between distributions, lies near the expected time shift between local sun transit times. This result implies that the onset (first call) and conclusion (last call) of the calling activities in cities at the same latitude are following an external clock marked by solar events, and the temporal shift in the calling activity observed between two cities corresponds to the time difference between their local sun transit times. In the case of mean time of the first call the deviation from the expected behaviour is higher than in the case of the last call, showing the influence of the social and economical factors during the mornings.
Influence of latitude in the seasonal variation of the period of low activity As regards the calling activity ( Fig. 1) , we expect the sleeping hours to be contained in the region when the activity falls to a minimum. The latter region or the PLCA is quantified in the following fashion. From the distributions P F and P L of each city, we calculate the means t F (d) and t L (d) for the times when the first call and last call were made, respectively. We define PLCA to be the region bounded by t L (d) and t F (d + 1). In order to estimate the duration of the period when the calling activity has practically ceased, we determine T low , the width of PLCA, by the taking into account widths of the distributions P F and P L , given by standard deviations σ F and σ L , respectively. Therefore, Fig. 1 ). This definition for the width of the PLCA does not require the introduction of arbitrary cut-off parameters and is dependent solely on the moments of the distributions, P L and P F , that delimit the period of low activity in the cities.
We calculate P F and P L for 12 cities, all of them with more than 100,000 inhabitants, and lying within one of the three possible latitudinal bands, centred at 37
• N, 40
• N, and 43
• N, in such a way that each band contains 4 cities. In Fig. 4 we show the yearly variation of T low for the 12 cities. The plots show that the width T low changes along the year, being longer near the winter solstice and shorter six months later, near the summer solstice. Comparing the different plots in Fig. 4 , the following two characteristics may be noted. First, cities lying at similar latitude have similar T low curves, differing only by a vertical offset, implying that although each city has a characteristic period of low activity, its yearly variation is very similar to that in other cities on the same latitude. Secondly, the difference between the highest (near winter solstice) and lowest values (near summer solstice) of T low changes from latitude to latitude, being greater in southern cities, showing that there is an external factor that influences T low with different intensity at different latitudes.
The shape of T low (d) along the year resembles the yearly behaviour of the length of the night T night (d), defined as the time between the sunset and the sunrise at each city. The value of T night peaks during the winter solstice (d = 356) and decreases monotonically until it reaches a minimal value on the summer solstice (d = 172). In order to reduce the fluctuations, instead of T low we use T low , defined as the average value of T low from Monday to Thursday each week. In Fig. 5A , we show the yearly evolution of T low for 8 different cities located in 4 different latitudinal bands plotted against the corresponding T night in each city. • N). Results for weekdays are only included in these plots. Each point corresponds to the average of T low from Monday to Thursday each one of the 52 weeks along the year. For the cities illustrated in blue, the points corresponding to the week containing the spring equinox (upper triangle), summer solstice (right triangle), autumn equinox (lower triangle), and winter equinox (left triangle) are shown to provide a reference of the yearly evolution. Despite the fact that T low fluctuates from week to week, it can be described by the linear relation T low = βT night + α (solid lines). (B, Left) Coefficient of linear regression, β, obtained for each city as a function of its latitude. In southern cities, the width of the PLCA changes faster (larger βs) and the difference between their minimum (summer solstice) and maximum (winter solstice) values is larger than in case of the cities in the north. (B, Right) Time difference δseason between the extremal values of T low for 36 cities located at different latitudes. In B panels, weekdays points (blue) were calculated from the average T low from Mondays to Thursdays. For weekends points (red), Friday to Sunday was used to calculate the average T low . cities in each one, located around the 4 different latitudes of 37
• N, 39
• N, 41
• N and 43
• N, and . We use linear regression, T low = βT night + α, to quantify the yearly variation of T low as function of T night . For all the cities, T low is seen to fluctuate around the regression fits. We carry out the regression for 36 different cities (including the above 8) located between the 36
• N and 44
• N, for weekdays, and also for weekends (using Fridays, Saturdays and Sundays when calculating T low ). We observe, in Fig. 5B (left) that the cities around the same latitude have similar slopes (βs), and that the slopes become larger at the southern latitudes.
In order to study the effect of latitude on the seasonal variation of the PLCA, we calculate the net change δ seasons between T low at winter solstice (maximum) and at summer solstice, given by
) . This simple definition provides a way to calculate how the latitude affects the range where the period of low activity varies. In Fig. 5B (right) we show δ seasons for each of the 36 cities. Remarkably, the time difference δ seasons between winter and summer is always at least 15 minutes greater for the southern cities compared to the northern ones. For Sundays we observed a noticeably difference of 30 minutes, and with a ratio close to 2 (30 minutes in the northernmost city against 1 hour in the southernmost one).
Solar events as pacemakers of the periods of low calling activity
We have shown that the cities located at the same latitude but at different longitudes have shifted PLCA with different onset and conclusion times (Figs. 2 and 3 ) and this shift coincides with the difference between their local sun transit times (when the sun crosses their meridian). The distributions P L and P F for different cities collapse into one when a longitudinal time correction is applied (Fig. 2) , and this situation is true for all the cities we have analyzed. This observation raises the question about what is the external (perhaps astronomical) daily event inducing this synchronization. As the delays between the different onsets and conclusions of the activity in different cities correspond to the time period between their local sun transit times, it seems plausible to think that an astronomical event related to the sun is working as the pacemaker for this entrainment.
There are three possible daily sun-related candidates, namely, the sunset, the sunrise and the solar noon (or sun transit time), and each one has a different dynamics along the year (Fig. 6) . Due to the daylight saving applied in the studied cities, the curves contain discontinuities. Irrespective of the daylight saving, the sunset time reaches its maximum around June 27th and its minimum is around December 8th, whilst, discounting for the effect of the daylight saving, the sunrise time reaches its maximum around January 4th and its minimum is around June 15th. For the sunrise as well as the sunset, the difference between their extremal points, at latitude 40
• N is about 3 hours. On the other hand the solar noon has two maxima (February 5th and July 26th) and two minima (May 14th and November 3rd), with a time difference between the global maximum and minimum around 30 min (without the daylight saving hour). As the solar midnight (when the sun is closest to nadir occurring at around 12 hours after the solar noon) lies inside the PLCA, we will use it instead of the solar noon in making the following comparison.
In order to find if there is any relation between one of these astronomical events (sunset, sunrise and solar midnight) and the calling activity, we choose 21 cities, which we separate into three different sets (of 7, 6 and 8), lying in one of the three latitudinal bands(φ) around 37
• 20 ′ N ±40 ′ and 43
• 0 ′ N ±20 ′ . For each band we shift the distributions accordingly with their longitudinal difference to collapse them into one. Then we calculate the average of the mean time of the last call, t , c) denotes the mean time of the last call for the shifted distribution for a city c belonging to band φ for the day d, and · φ denotes the average over all cities lying in the band φ. The curves are shown in the central column of Fig. 6 . Similarly, we resembles to some extent the solar midnight, coinciding with the two minima (days 130 and 302) and one of the maxima (day 210). Also, t φ L has a similar behaviour when compared to the solar midnight. For the case of t φ F , the curve has a correspondence with the sunrise although in a lesser extent. The discontinuities introduced by the daylight saving is present in the curves, suggesting that the PLCA is not solely influenced by the socially-driven time, and are synchronized with an external (astronomical) event. The number of cities inside the band φ = 37
• 30 ′ N (blue), 40
• 20 ′ N (green), and 43
• 0 ′ N (red), are 7, 6, and 8, respectively.
calculate the average of the mean time of the first call for latitudinal bands, t φ F (d), and its yearly evolution is shown in left column of Fig. 6 . The quantities t φ L (d) and t φ F (d) are compared with the time at which the solar events (sunrise, sunset and solar midnight) happen in the reference city of each latitudinal band φ. We would like to mention that there are days when national holidays and local festivities introduce drastic pattern changes. We filter out these days while constructing the curves.
Additionally, we define the centre of the PLCA as show similar behaviour, resembling to some extent the dynamics of the solar midnight, with their two minima and at least one of their maxima occurring on around the same days of those of the solar midnight although the relative amplitudes are not in correspondence. On the other hand, the yearly variation of the sunset and sunrise (in terms of the number and location of their minima and maxima) have more pronounced differences with t φ L and t φ LF/2 curves. Moreover, the discontinuities introduced by the daylight saving is visible in all the curves, suggesting that the PLCA is not solely influenced by the socially-driven time, and are synchronized with an external (astronomical) event.
DISCUSSION
At the individual level the SWC is known to depend on various physiological and social factors that make it difficult to identify the precise causes influencing its dynamics. However, studying the yearly variation of the PLCA averaged over a big population gives us quite unique insight into its complex behaviour and helps us to identify some of the key influencing factors. The SWC is bounded inside the PLCA and we expect that both entities follow similar dynamics but with somewhat different onset and termination times. We have shown that the duration of the PLCA, characterized by the width T low , closely follows the seasonal variation in the duration of the night. Moreover, we have observed that the duration of PLCA is influenced by the latitude of a city. The difference between T low in winter and in summer for the people in cities located at 36
• N was found to be almost twice as much as that for the people in cities located 8
• to the north. It seems that the activity of people in southern cities are most affected by the length of the night (or daylight), despite the fact that in northern locations the length of the night changes faster and spans a bigger time interval than at southern latitudes.
We have also found that the onset and ending of the PLCA for people in cities lying at the same latitude but at different longitudes are shifted according to their relative longitudinal separations. Cities lying westward from the easternmost analyzed city stop their activity later and with the time delay of the sun transit times. This result suggests that a solar event acts as a pacemaker for the circadian rhythm of the PLCA with the SWC bounded inside. In addition, we have found that the variation of the onset and the centre of the PLCA resembles the yearly variation of the solar midnight (or solar noon). However, when the behaviour of PLCA is compared with other important solar events like the sunrise and sunset it appears to have different functional forms with different number and dates of maxima and minima. In this regard further research is needed though it seems that the solar midnight (solar noon) is the exogenous clock that synchronizes both the onset and the centre of the PLCA.
Human physiology and its hormonal regulation is expected to govern the dynamics of the SWC at the individual level. In particular the melatonin hormone is known to follow a circadian rhythm [22] and has been linked to the SWC. For individuals the melatonin secretion commences during the evening between 8 pm and 10 pm with peaking between 2 am and 4 am. However, the onset and duration of melatonin secretion during the circadian cycle is in turn related with the exposure to light and darkness, and considerable amount of research has been done [23] [24] [25] [26] showing how changes in the onset and length of the light exposure disrupts the secretion of melatonin, as well as the SWC [27] . For people living at latitudes far away from the equator, where the seasonal changes in the onset and length of the daylight are large it has been shown that their melatonin cycle is seasonally altered and this perturbation gives rise to disruptions in their SWC [28] . Thus it could be possible that the melatonin cycle is the biological intermediary entraining the PLCA (and the SWC) with the sun-based clocks throughout the year.
Our analysis allows us to determine the yearly dynamics of the PLCA and show that the time of the last call as well as the duration of the "resting period" for the calling activity behave synchronously with the dynamics of solar events. The synchronization was also evidenced from the appearance of discontinuities in the time of the last call (also present in a minor extent in the time of first call) during the days when daylight saving was introduced or removed. This correspondence also reflects the fact that during the evenings and nights humans are less subjected to restrictions imposed by the society where they live. In the case of culmination of the PLCA (mean time of the first call) during the morning the yearly variation is not strong, which reflects the fact that during that period of the day humans have more restrictions on their schedules imposed by workrelated activities. Remarkably, on Saturday and Sunday mornings when work-related activities are less frequent, the time of the first call shows a stronger variation along the year (see Fig. 6 ). This indicates that once the social restrictions are not present, the conclusion of the PLCA also experiences a noticeably seasonal variation.
SUPPLEMENTARY INFORMATION Time binning and smoothing of distributions
To generate each probability distributions, we divide the temporal axis in 5 minutes bins, in such a way that each P all contains 268 points, and P L and P F 132 points each one. In some cases, mainly for cities with small population, their associated probability distributions show fluctuations due to small sample size, then we apply a smoothing process to each distribution in order to reduce the noise, using the Savitsky-Golay [29] algorithm (7 points and degree 4).
Filtering

Geographical location determination
From our dataset, two locations could be associated to each user. First one is the location of the most accessed cell tower (MACT) by the mobile device. From the zip code of the domicile of the user we get the second one, namely the location of the centre of the postal zone (postal location). These two locations were used when determining which users should be included in the analysis. We discarded those users with at least one of these two locations missing.
To reduce the noise due to poor sampling, we chose from the whole set of towns included in the mobile phone network only those cities with more than hundred thousand inhabitants in the studied year, and lying between latitudes 36
• N, which accounts for 36 cities. For each selected city, we encircled it with a 30 km diameter circle, and use the center of the circle as the associated geographical location of the city. All the studied cities fit inside a 30 km diameter circle.
Finally, we choose only those users who live in one of these cities. To ensure this into some extent, we impose the next two restrictions:
• the distance between the city location and at least one of the associated user locations (MACT and postal) should be less that 15 km, and
• the distance between the MACT and postal locations of the user must be less than 30km.
There is no way to verify that the user actually in the associated city, but one could expect that almost every user lives in the same city as the one specified by the domicile, and that the MACT is a good indicative of their usual location. Thus the imposed restrictions seem to be a good way to ensure that a big fraction of the included users are correctly assigned to their actual city.
From the demographic information available, one can find that the age of the users ranges from eighteen to more than hundred years. In this work we choose only users with age between 30 and 75 years old, because the calling pattern in younger people (mainly in the 18 to 25 years range) is more erratic than for older people. Older people (75+) were excluded the analysis due to the sparse calling activity that many of them had in the CDRs. After the previous filtering, the included users into the analysis were 925, 135 individuals.
Holidays and atypical days filtering
When calculating the probability distributions from the CDRs, we found that for some particular days and cities, the behaviour of these distributions were atypical. The corresponding days when these anomalies appeared were in general special days, when some festivity or holiday was held, mainly Easter holidays (days 90 to 98) and the days around Christmas and New Year. In order to avoid possible fluctuations introduced by these atypical days, we excluded these days from the analysis. When there was a national holiday, the point corresponding to that day where removed from the time series of all cities, and if the atypical day was a local festival or local event, only for that city the day was removed. Examples of this filtering can be seen in Fig. 7 . 
Distribution shifting and averaging over a latitudinal band
Due to their different longitudinal location, cities lying at similar latitudes could have very different mean times for the calling activities. The studied region is 11.3
• wide along the longitude, which means that the sun transit time difference between two cities lying at opposite sides of the region is 45 minutes. On the other hand, the onset and culmination of calling activity could depend on latitude, and cities lying at the same latitude could have similar calling dynamics. If this dependence is present, the time difference between the sun transit times due to longitude difference could hide this effect. When the mean times distributions of cities at different latitudes are compared together, there is no visible dependence on latitude because all the curves offsets are mixed, as can be seen in left column of Fig. 7 , t L for 12 cities lying in one of three possible latitudinal bands φ = {37
• N, 43
• N} are shown. However, when t L of a city c lying in a latitudinal band is shifted by an amount ∆(c) coinciding with the time difference between its local sun transit time and the one at some reference point inside the band, the shifted t * L = t L + ∆(c) curve of this city collapses with the corresponding shifted curves of the other cities in the band, and the similarities ere evident (right column in Fig. 8 ). Also, in this longitudinally time corrected representation, the curves for different latitudinal bands are segregated, and the latitudinal dependence of the calling activity is evident, comparing the amplitude of the curves from different latitudinal bands, with northern regions (green) having less seasonal variation than the southern ones (blue).
Kullback-Leibler divergence
The Kullback-Leibler divergence D KL provides a measure of the similarity between two (discrete) probability distributions. It is given by
with P , Q being the two discrete distributions [30] . The cities are grouped in 3 sets (denoted using different colours) with 4 cities per set (denoted using different symbols). Each set is located along one of these three latitudes 37
• N , 40
• N , or 43
• N . In the original representation (left column), tL curves are mixed because of their different sun transit times, and the influence of their latitude is not visible. However, when each curve is time shifted accordingly to its time difference with a reference line, t * L curves from cities lying at similar latitudes group together (right column), and three different sets are now visible. In the t * L representation, the effect of latitude can be observed, with cities lying at southern latitudes having a stronger variation (blue curves) than the northern ones (green curves).
